Locally advanced prostate cancer (LAPC) is defined as histologically proven T3-4 prostatic adenocarcinoma. In this review, we define the individual roles of radiotherapy (RT), short-term (ST-) and long-term (LT-) androgen deprivation therapy (ADT), and their combination in multimodal therapy for LAPC. Despite limitations in comparing the clinical outcomes among published papers, in the present study, a trend of 10-year clinical outcomes was roughly estimated by calculating the average rates weighted by the cohort number. With RT alone, the following rates were estimated: 87% biochemical failure, 34% local failure (LF), 48% distant metastasis (DM), 38% overall survival (OS), and 27% disease-specific mortality (DSM). Those associated with ADT alone were 74% BCF, 54% OS, and 25% DSM, which appeared to be better than those of RT alone. The addition of ADT to RT produced a notable local and systemic effect, regardless of ST-or LT-ADT. The LF rate decreased from 34% with RT alone to 21% with ST-ADT and further to 15% with LT-ADT. The DM and DSM rates also showed a similar trend among RT alone, RT+ST-ADT, and RT+LT-ADT. The combination of RT+LT-ADT resulted in the best long-term clinical outcomes, indicating that both RT and ADT are important parts of multimodal therapy.
Introduction
Prostate cancer is the most common malignancy in men in Western countries [1] . The incidence of prostate cancer in the Asia-Pacific region continues to increase [2] . In 2013, prostate cancer was the fifth most common cancer in men in South Korea, and the estimated numbers of new cases and deaths were approximately 9,500 and 1,600, respectively [3] . Since the introduction of prostate-specific antigen (PSA) testing, the proportion of locally advanced prostate cancer (LAPC) at diagnosis has decreased over the last two decades; however, patients presenting with LAPC are difficult to treat, as the optimal treatment method remains controversial.
LAPC is defined as histologically proven prostatic adenocarcinoma that spreads to the area outside of the prostate gland through the capsule (T3a), seminal vesicles (T3b), or adjacent organs (T4), such as the bladder or rectum. Radiotherapy (RT) had been the mainstay treatment for LAPC in the past. In recent years, there has been a significant improvement in outcome using the combination of RT and androgen deprivation therapy (ADT) [4, 5] . To guide prostate cancer treatment, prognostic stage grouping (low-, intermediate-, and high-risk groups), which is based on Gleason score, the initial PSA level at the time of diagnosis, and anatomical stage, has long been used. Accordingly, the https://doi.org/10.3857/roj.2017.00318 recommended treatment and outcome report have been based on the risk group rather than the anatomical stage. Therefore, it is very difficult to determine the impact of disease extent based on anatomical stage. In this review, we define the individual roles of RT alone or its combination with short-term ADT (ST-ADT) or long-term ADT (LT-ADT), which have been used in non-surgical multimodal therapy for T3-4 LAPC.
Literature Search Criteria
A systematic review of studies retrieved from PubMed and MEDLINE published from February 2000 to February 2017 was performed. The search terms included 'locally advanced prostate cancer' or 'T3 prostate cancer' for reports published in English. The inclusion criteria were as follows: either randomized or non-randomized, the cohort with cT3-4 disease was greater than 50% of the study population, and long-term outcome results of 10 years or longer.
Radiotherapy alone in the Management of LAPC
The long-term clinical outcomes of RT alone for patients with LAPC were available in three randomized controlled trials, in which the original purpose of the trial was to compare RT alone with RT+ADT in an unfavorable group of patients [4] [5] [6] [7] [8] [9] [10] (Table 1) . Radiation Therapy Oncology Group protocol 8531 (RTOG 8531) [4, 6, 7] was designed to compare RT alone with RT+lifelong adjuvant androgen suppression (using goserelin) in an unfavorable group of patients with prostate cancer. Patients eligible for RTOG 8531 were those with a palpable primary tumor extending beyond the prostate (Clinical Stage T3) or those with regional lymphatic involvement (26%). Patients who had undergone prostatectomy were also eligible if penetration through the prostatic capsule to the margin of resection was observed and/or for those with seminal vesicle involvement, which accounted for 14% of the cohort. Goserelin was permitted at relapse for those treated with RT alone. RTOG 8610 [8, 9] tested the hypothesis that ST-ADT for 4 months before and during radiotherapy for LAPC may, by reducing the tumor bulk and enhancing the killing of tumor cells, improve locoregional control and ultimately survival compared with RT alone. Eligible patients were those with bulky tumors (T2-T4) with or without pelvic lymph node involvement and without evidence of distant metastasis. Bulky disease (>25 cm 2 ) was excluded for RTOG 8531 [4] , but was included for RTOG 8610 [8, 9] . The European Organization for Research and Treatment of Cancer (EORTC) 22863 [5, 10] performed a randomized phase 3 trial assessing the benefits of LT-ADT for 36 months with a luteinizing hormone-releasing hormone (LHRH) agonist compared with RT in patients with a higher risk of metastases. Eligible patients were younger than 80 years and had newly diagnosed, histologically proven T1-2 prostatic adenocarcinoma with World Health Organization (WHO) histological grade 3 (10%) or T3-4 prostatic adenocarcinoma of any histological grade (90%), and WHO performance status of 0-2. In these three trials, more than 900 patients received RT alone and more than 70% of these patients had T3-4 disease. The median ages were 70-71 years. The RT doses applied to the prostate target ranged from 65 to 70 Gy. The presence of nodal disease varied from 3% (EORTC 22863) to 26% (RTOG 8531). RTOG 8531 defined biochemical failure (BCF) as a case of PSA ≥ 1.5 ng/mL, which is slightly stricter than that defined by RTOG 8610 (PSA ≥ 2.0 ng/mL). EORTC 22863 did not report the rate of BCF. The 10-year long-term clinical outcomes after RT alone in these trials were reported as 80%-91% BCF, 24%-38% local failure (LF), 39%-70% distant metastasis (DM), 34%-40% overall survival (OS), and 22%-36% disease-specific mortality (DSM). BCF was more frequently observed in RTOG 8531 trials than in RTOG 8610 trials, which could be due to the different definitions of BCF and more patients with nodal disease being included in the RTOG 8531 study. The DM rates varied widely; however, the OS and DSM rates were relatively consistent among studies, ranging from 22% to 36%. Regarding radiation-induced toxicity, acute grade 3 toxicity was reported in 4% of patients who received RT alone in RTOG 8531 [4] , and late grade 3 toxicities were reported in 8% of patients [8, 9] .
ADT alone in the Management of LAPC
The major benefit of ADT is likely related to the control of occult micrometastases, with some benefits related to delayed progression of local disease at the prostate [11] . Lifelong ADT consisting of either bilateral orchiectomy or LHRH agonists can continue until disease progression or death. The long-term results after ADT alone for patients with LAPC were available in two randomized controlled trials [12] [13] [14] (Table 2 ). In the National Cancer Institute of Canada Clinical Trial Group (NCIC CTG) and Medical Research Council (MRC) trial [12, 13] or organ-confined disease (T2) with either a PSA concentration more than 40 ng/mL (n = 119) or a PSA concentration more than 20 ng/mL and a Gleason score of 8 or higher (n = 25). In the Scandinavian Prostate Cancer Group Study No. 7/The Swedish Association for Urological Oncology-3 (SPCG-7/SFUO-3) trial [14] , 875 patients with LAPC (T3; 78%; PSA <70; N0; M0) were randomly assigned to endocrine treatment alone (3 months of total androgen blockade followed by continuous endocrine treatment using flutamide; 439 patients) or to the same endocrine treatment combined with RT (436 patients) [14] . The total number of patients randomized to receive ADT alone in these two trials was over 1,000. Bilateral orchiectomy was performed in 7% of patients in the NCIC CTG/MRC trial [12, 13] . Node-positive disease was excluded after radiological or surgical evaluation. The median age ranged from 66 to 70 years, and T3-4 disease affected 79% to 87% of the population. Both studies used the BCF definition reported by the American Society for Therapeutic Radiology and Oncology (ASTRO) Phoenix (nadir + 2.0 ng/mL). The 10-year clinical outcomes of ADT alone in these trials were 73%-75% BCF, 49%-60% OS, and 24%-25% DSM, with no reports on LF or DM. Without taking into consideration the differences in patient characteristics, the results were similar to those of RT alone (80%-91% BCF and 22%-36% DSM), with the exception of OS (49%-60% vs. 34%-40%). It is important to note, however, that the median age was 66 years for the ADT alone group compared with 70-71 years for the RT alone group.
In terms of treatment-related toxicity, sexual dysfunction (including impotence or loss of libido) was observed in up to 81% of patients with lifelong ADT use [14] . The five most frequent grade 3 or higher treatment-related toxicities were impotence/libido (29%), hot flushes (8%), urinary frequency (4%), ischemia (3%), and hypertension (3%) in NCIC CTG/MRC [12, 13] .
RT with Short-Term ADT in the Management of LAPC
The combination of RT and ADT has been tested by a number of researchers with the aim of enhancing the treatment effects on LAPC. Because both treatment methods have their own advantages and disadvantages (as a local therapy or systemic therapy), it is considered a reasonable approach to combine them for the treatment of LAPC. Arbitrarily, a 4-6-month prescription of ADT, usually given as a neoadjuvant, is considered short term. Three studies (two phase III trials and one retrospective series) are summarized in Table 3 [8, 9, [15] [16] [17] . The purpose of RTOG 8610 was described in the previous section. Half of the study population (n = 224) was randomized to receive RT+ST-ADT composed of goserelin (3.6 mg every 4 weeks) and flutamide (250 mg three times a day for 2 months) before and during RT [8, 9] . RTOG 9202 was designed to compare ST-ADT (4 months) to LT-ADT (28 months) in addition to RT in patients with locally advanced-stage (T2c-4) prostate cancer and a PSA level of less than 150 ng/mL [15, 16] . After receiving ST-ADT and RT, a total of 1,554 patients were randomly assigned to receive 24-month ADT (n = 758) vs. no more ADT (n = 763). Zelefsky et al. [17] retrospectively analyzed the clinical outcomes of RT+ST-ADT (3 months) in cT3 patients (n = 296). In their study, patients who exhibited seminal vesicle invasion (cT3b) accounted for 56% of all patients, and ST-ADT before and during RT was given in 64% of patients, and adjuvant ADT was not administered. A total RT dose of 65-70 Gy was applied to the prostate target (40-50 Gy to the whole pelvis and a 20-25 Gy boost to the prostate) in RTOG studies. However, in the study by Zelefsky et al. [17] , a total of 66-86. 4 Gy was delivered to the prostate target without whole pelvis treatment.
A total of 1,283 patients were treated with RT+ST-ADT, with the median age ranging from 68 to 72 years. BCF was defined as the PSA nadir + 2 ng/mL. However, for RTOG 9202 [15, 16] , BCF was defined using the ASTRO consensus definition (three consecutive increases in PSA level). The 10-year BCF, LF, DM, OS, and DSM rates were 63%-68%, 17%-22%, 23%-36%, 43%-65%, and 15%-23%, respectively. All clinical endpoints after RT+ST-ADT were consistently better than those of RT alone or ADT alone (except OS) throughout the studies. ST-ADT therapy appeared to enhance the local and systemic effects, as evidenced by the decreased rates of LF (from 24%-38% to 17%-22%) and DM (from 39%-70% to 23%-36%) by the addition of ST-ADT, with a subsequent reduction in DSM. The RTOG 8610 study [8, 9] revealed that the addition of 4 months of neoadjuvant ADT before RT was associated with a 26% improvement in the 10-year DSM and an increase of 1.4 years in the median survival time compared with those for RT alone.
With respect to radiation-induced toxicity, the rate of acute toxicity was reported as 2%-9% for grade 3 and approximately 1% for grade 4. Late radiation-induced toxicity was observed in 4%-8% for grade 3 and 1% for grade 4 [8, 9, [15] [16] [17] . After 10 years, fatal cardiac events occurred in 12.5% of the study cohort; however, the addition of ST-ADT to RT did not increase the risk of radiation-related toxicities or fatal cardiac events compared to RT alone [8, 9] . www.e-roj.org https://doi.org/10.3857/roj.2017.00318 ADT, androgen deprivation therapy; LAPC, locally advanced prostate cancer; RTOG, Radiation Therapy Oncology Group; GS, Gleason score; iPSA, serum total prostate-specific antigen at presentation; RT, radiation treatment; BCF, biochemical failure; LF, local failure; DM, distant metastasis; OS, overall survival; DSM, disease specific mortality. 
RT with Long-Term ADT in the Management of LAPC
When LAPC patients are treated with RT+ADT, LT-ADT is generally defined as the administration of ADT over 2 years, usually prescribed as an adjuvant. A total of five phase III trials have reported long-term follow-up results from approximately 2,500 patients [4] [5] [6] [7] 10, [12] [13] [14] [15] [16] (Table 4) . As described previously, the purposes of those five studies were to compare the clinical outcomes of LT-ADT+RT with RT alone (RTOG 8531 and EORTC 22863) [4] [5] [6] [7] 10] , or with ADT alone (NCIC CTG/MRC and SPCG-7/SFUO-3) [12] [13] [14] or with ST-ADT (RTOG 9202) [15, 16] in LAPC patients. In most studies, the median age was around 70 years but, in SPCG-7/SFUO-3, it was 66 years [14] . RTOG 8531 enrolled a larger proportion of node-positive disease (29%) cases than the others (3%-4%) [4, 6, 7] . Patients with locally advanced stage (cT3-4) accounted for over 70% of the cohort, except for RTOG 9202 (cT2c 45%, cT3-4 55%). A total dose of 65-70 Gy was delivered to the prostate target (approximately 45-50 Gy of pelvic RT followed by 20-25 Gy of prostate boost), but pelvic RT was not mandatory in SPCG-7/SFUO-3. The duration of LT-ADT varies from 28 months to lifelong. As shown in Fig.1 , RT+LT-ADT produced more favorable clinical outcomes than RT alone, ADT alone, and RT+ST-ADT. In the three studies [4] [5] [6] [7] 10, 15, 16] that defined the role of LT-ADT in multimodality therapy, there were remarkable improvements in clinical outcomes, as evidenced by the decrease in 10-year rates of BCF (from 80%-91% to 52%-69%), LF (from 24%-38% to 6%-23%), DM (from 39%-70% to 15%-49%), and DSM (from 22%-36% to 10%-16%), and an increase in the 10-year rate of OS (from 34%-40% to 49%-58%) (all from without to with LT-ADT, respectively). Likewise, in two randomized trials [12] [13] [14] that defined the role of RT in multimodality therapy, there were remarkable improvements in clinical outcomes, as evidenced by the decreased rates of BCF (from 73%-75% to 26%-37%) and DSM (from 24%-25% to 12%-15%), and an increase in the rate of OS (from 49%-60% to 55%-70%) (all from without to with RT, respectively). In NCIC CTG/MRC [12, 13] , the hazard ratio for BCF by the addition of RT to ADT was 0.31 (95% confidence interval, 0.27-0.37) compared with ADT alone. The OS improved from 66% without RT to 74% with it (p = 0.03) after 7 years. The SPCG-7/SFUO-3 study demonstrated the highest 10-year OS (70%) in relatively young patients (median age, 66 years) [14] . Compared with ADT alone, the addition of RT halved the rate of DSM in NCIC CTG/MRC and SPCG-7/SFUO-3 after 10 years. These two studies prove that RT is a crucial part of multimodality therapy in the management of LAPC. Together, the OS improved from 49%-60% without RT to 55%-70% with it after 10 years. In summary, compared to RT alone or ADT alone, LT-ADT+RT was associated not only with reductions in LF and DM rates, but also with a statistically significant improvement in OS [4] [5] [6] [7] 10, [12] [13] [14] [15] [16] . In addition, in RTOG 9202 [15, 16] , which compared ST-ADT with LT-ADT+RT, LT-ADT caused a significant improvement in all endpoints, except for OS, which was limited to a subgroup of patients with a Gleason score between 8 and 10.
Treatment-related toxicity after RT combined with LT-ADT could be caused by RT and ADT either additively or synergistically. With respect to radiation-induced toxicity, 7% of grade 3 and 1% of grade 4 acute radiation-induced toxicity was reported [15, 16] . Gastrointestinal toxicity was more frequently observed in subjects who received RT+LT-ADT than ADT alone (most were grades 1-2) [12, 13] , and the difference in moderate or severe GI symptoms was not significant (1%-3%) [14] . Compared with ST-ADT+RT, LT-ADT increased radiation-induced late toxicity, with 7% of grade 3 and 3% of grade 4 late radiation-induced toxicity [18] . Regarding the toxicity related to LT-ADT, the five most frequent grade 3 or higher toxicities were impotence/libido (33%), hot flushes (5%), urinary frequency (7%), ischemia (5%), and hypertension (4%) [12, 13] . In RTOG 9202, one patient died as a result of chemical hepatitis during ADT [15, 16] . LT-ADT+RT did not significantly increase the risk of fatal cardiac events compared to RT alone, ADT alone, or ST-ADT+RT [5, 13, 16] .
Relative Contributions of Individual Treatments
Owing to disparities in pre-treatment patient characteristics, the study endpoints and definitions, and the salvage treatment modality for recurrence after initial treatment, it is difficult to compare clinical outcomes among studies. Despite these limitations, a trend of 10-year clinical outcomes was roughly estimated from published papers by calculating the average rates weighted by the number of subjects to determine the roles of individual treatments used in multimodal therapy for LAPC (Fig. 1) . With RT alone, the following rates were estimated: 87% BCF, 34% LF, 48% DM, 38% OS, and 27% DSM. Those associated with ADT alone were 74% BCF, 54% OS, and 25% DSM, which appeared to be better than those of RT alone. The OS was higher in patients who were treated with ADT alone compared with RT alone (54% vs. 38% at 10 years, respectively), although it is important to note that the median age was younger in those of ADT alone than those of RT alone (68 vs. 70 years). Regardless, the DSM was similar between two groups. The addition of ADT to RT has shown notable local and systemic effects, regardless of ST-or LT-ADT. With RT+ST-ADT, the following rates were observed: 66% BCF, 21% LF, 28% DM, 53% OS, and 17% DSM; the corresponding rates of RT+LT-ADT were 47%, 15%, 23%, 56%, and 13%, respectively. As evidenced by the results concerning either ST-ADT or LT-ADT, the DM rate was profoundly reduced from 48% with RT alone to 28% with ST-ADT and to 23% with LT-ADT. Interestingly, the LF rate was also decreased from 34% with RT alone to 21% with ST-ADT and further to 15% with LT-ADT. Therefore, we conclude that systemic therapy (ADT) can reduce the local failure rate in the long term. In the same manner, one can postulate that local therapy (RT) can reduce the rate of DM in the long term by applying radiation to the primary source of metastases in the prostate. However, we were not able to prove this postulation because no DM data were reported in the studies of ADT alone, which is required for the comparison of ADT with or without RT. Although the 10-year OS rate after treatment varied widely (34%-70%) and younger age at diagnosis was the strongest factor for long-term OS, RT+LT-ADT showed a favorable 10-year OS (over 50%), even though the median age at diagnosis in most studies was 70 years old, which was consistently better than in the control arms of RT alone or ADT alone or RT+ST-ADT in randomized trials. With respect to treatment related toxicity, acute and late toxicities are usually mild to moderate with rare severe ones even in the combined modality.
Other Issues
With advances of technology in radiation therapy, dose escalation becomes possible to the target without increasing toxicity by using intensity modulated radiotherapy or image guided radiotherapy. There are several randomized clinical trials demonstrating clinical benefits in patients with prostate cancer [19] [20] [21] . However, patients eligible for these trials were those with early stage of cancer but not those with LAPC (usually <20% of the cohort had LAPC). The escalated doses (78-80 Gy) were associated with an improvement in the biochemical control, but not in the OS [19] [20] [21] , compared with those for conventional doses (70 Gy). The role of hypofractionated RT was also studied in many trials [22, 23] . Eligible patients for these trials were those with early stage (low-or intermediated-risk group) rather than those with LAPC [22, 23] . The role of brachytherapy boost in addition to external beam RT (EBRT) for patients with intermediate-and high-risk has been investigated in the ASCENDE-RT phase III trial [24] [25] [26] . A total of 398 patients (approximately 30% of the cohort were those with LAPC) were randomized to a standard arm with 12 months of ADT, pelvic irradiation to 46 Gy, followed by a dose-escalated EBRT boost to 78 Gy, or an experimental arm that substituted a low-dose-rate prostate brachytherapy boost (LDR-PB). Compared with 78 Gy EBRT, patients randomized to the LDR-PB were twice as likely to be free of BCF at a median follow-up of 6.5 years. However, there was no difference in OS between two arms, but the LDR-PB caused significantly more deteriorated urinary function in both toxicity rate and quality of life scale [24] [25] [26] . In summary, there are no trials to https://doi.org/10.3857/roj.2017.00318 define the role of dose-escalation in RT using conventional fractionation, hypo-fractionation, or brachytherapy-boost solely for patients with LAPC in the present time; hence, their roles have not been well defined yet. It is important to note that the rate of 23% DM were higher than those of 15% LF after the current standard care of RT+LT-ADT in patients with LAPC. Therefore, the escalation of systemic therapy is potentially more effective than the escalation of local therapy to improve the clinical outcome. There are couple of studies demonstrating an improvement of OS in their interim analyses by addition of docetaxel to ADT in high risk patients [27, 28] . Likewise, the addition of abiraterone to ADT significantly increased overall survival in men with newly diagnosed, metastatic, castration-sensitive prostate cancer [29] . It is interesting to see whether those intensification of systemic therapy has a role for LAPC.
Conclusions
We reviewed the studies related to the roles of radiotherapy, androgen deprivation therapy, and their combination for LAPC. In conclusion, RT+LT-ADT results in the best long-term clinical outcomes, in which both RT and ADT are crucial parts of multimodal therapy. Further refinement of combined modality therapy needs to be explored.
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